In this paper, two types of comparison analyses, bulk analysis and defect analysis, were carried out for marine steel. The results of laser-induced breakdown spectroscopy (LIBS) were compared with those of spark optical emission spectrometry (Spark-OES) and scanning electron microscopy/energy dispersion spectroscopy (SEM/EDS) in the bulk and defect analyses. The comparison of the bulk analyses shows that the chemical contents of C, Si, Mn, P, S and Cr obtained from LIBS agree well with those determined using Spark-OES. The LIBS is slightly less precise than Spark-OES. Defects were characterized in the two-dimensional distribution analysis mode for Al, Mg, Ca, Si and other elements. Both the LIBS and SEM/EDS results show the enrichment of Al, Mg, Ca and Si at the defect position and the two methods agree well with each other. SEM/EDS cannot provide information about the difference in the chemical constituents when the differences between the defect position and the normal position are not significant. However, LIBS can provide this information, meaning that the sensitivity of LIBS is higher than that of SEM/EDS. LIBS can be used to rapidly characterize marine steel defects and provide guidance for improving metallurgical processes.
Introduction
Defects in marine steel have an important effect on steel quality. The presence of defects will lead to degradation of mechanical properties. Conventional surface microanalysis methods, such as scanning electron microscopy/energy dispersion spectroscopy (SEM/EDS) and electron probe microanalysis (EPMA) are time consuming and inconvenient, with low sensitivity, and these disadvantages limit their application to large numbers of samples. A metallurgical microscope can provide morphological information, but it cannot provide detailed information about the elemental distribution.
The advantages of laser-induced breakdown spectroscopy (LIBS) are rapid analysis, small sampling number and its ability to provide not only bulk analysis but also microanalysis [1−4] and on-line analysis for industrial processes [5−8] . It has attracted great interest in the field of atomic emission spectroscopy analysis [9−13] . Vadillo et al. [14] reviewed the fundamental principles of laser-induced plasma emission relevant to surface microanalysis, discussed the experimental parameters governing the spatial (lateral and in-depth) resolution in LIBS analysis and presented its application in surface examination. Bette et al.
[15] adopted a diode-pump solid state laser (DPSSL) operating at 1 kHz to analyze a steel sample in the scanning mode. The elemental distribution results showed that abnormal signals of Al and O, N, Al, Mn and S emerged at the same position, indicating the existence of Al 2 O 3 , AlN and MnS inclusions. Cravetchi et al. [16] performed chemical mapping of precipitates in the surface plane for an aluminum alloy sample with a lateral resolution of 10 μm. Two main types of precipitates, namely AlCu-Fe-Mn and Al-Cu-Mg, were unambiguously distinguished, which was in good agreement with X-ray microanalysis measurements. Kuss et al. [17] estimated the non-metal inclusion content in ferrous materials using LIBS. The signal intensities of the inclusion-related elements were evaluated using different statistical algorithms, including the 3-sigma (plus mean) threshold, the skewedness of the histogram using Pearson and a modified outlier test based on the Nalimov test. Bigne [18] investigated parametric influences on the detailed mapping of large sample areas. Scanning measurements were performed on samples displaying segregation and decarburization. The resulting quantified elemental maps correlated very well with data from the conventional methods used. In this paper, under optimized parameters, the chemical compositions and defects of marine steel were characterized using LIBS.
Instrumental set-up and parameters
As shown in Fig. 1 , the instrument consisted of a Nd:YAG laser, a Paschen-Runge spectrometer, a sample chamber, a pulse delay generator and a 3D step motor.
Fig.1 Schematic of the LIBS set-up
The pulse laser was focused on the sample surface by a lens with 100 mm focal length. The emission spectra of the laser-induced plasma were collected using a convex lens and dispersed using a concave grating with a focal length of 750 mm and grooves spaced at 2400 lines/mm. The resolution of the dispersion system was less than 0.01 nm. The detector was a photomultiplier tube (PMT), and 24 PMTs were installed on the Rawland circle. Twenty four elements, including C, Si, Mn, P and S, could be quantitatively analyzed simultaneously by the Paschen-Runge spectrometer. The gas flow rate was controlled by a gas flow meter and barometer.
Laser-induced plasmas are spatially inhomogeneous and time dependent; the electron density and number of excited atoms or ions change with time. Initially, the plasma temperature is very high when the plasma is generated, and a strong continuum spectrum background exists, with the plasma temperature decreasing and the atomic line intensity increasing over time. Therefore, a pulse generator was used to control the data acquisition. Instrumental parameters, such as the lens to sample distance, the buffer gas and its pressure, the pulse energy and the delay time, have an influence on the analytical performance. Optimization of these parameters has been described in detail in Refs. [19] [20] [21] .
Results and discussion

Bulk analysis of marine steel
For bulk analysis, the laser ablation crater should be as large as possible in order to obtain as large a sample quantity as possible. Increasing the pulse energy will produce a larger crater, but a much higher energy will result in plasma shielding [19] . Considering this point, the pulse energy used was approximately 300 mJ, and a 10 mm diameter aperture was used to attenuate the energy. Standard materials of middle/low alloy steel (sample numbers GSBH 40068-93-1-GSBH 40068-93-6 and GBW 01395-GBW 01400, provided by the NCS Analytical Instruments Co. Ltd, Beijing) were used to a establish calibration curves. The sample chamber was filled with argon, which was maintained at approximately 7500 Pa in order to avoid argon breakdown. The focal plane of the lens was 2 mm below the sample surface and the prepulses and measuring pulses were 50. The calibration curves of C, Si, Mn, Cr, P and S are shown in Fig. 2 . In order to evaluate the precision and accuracy of LIBS, the marine steel chemical constituents were analyzed seven times using LIBS and spark optical emission spectrometry (Spark-OES) (Labspark-750, NCS Analytical Instrument, Beijing). The precision and accuracy of C, Si, Mn, Cr, P and S acquired using LIBS and Spark-OES are shown in Table 1 .
As shown in Table 1 , the results acquired using LIBS agree well with those of Spark-OES, but those for LIBS are slightly less precise than those for Spark-OES. This lower precision could be attributed to the fact that a smaller amount of material was sampled and analyzed by LIBS compared to Spark-OES. The precision of LIBS is heavily dependent on the homogeneity of the samples. Fig. 3 shows a secondary electron (SE) image of the defect in marine steel sample number D2 after polishing. The sample was placed in the sample chamber and moved into the position where its defect could be fired at by laser pulses. The scanning area was 2 mm×1 mm, the step lengths were 10 μm and 20 μm along the x-and y-axes respectively, and 101×51 data points were acquired. To improve the analytical sensitivity, the sample chamber was filled with argon and the pressure was maintained at approximately 7500 Pa. The laser pulse energy was 300 mJ and a 4 mm aperture was used to attenuate the pulse energy. The diameter of the laser ablation crater was about 80 μm. In this manner, the spatial resolution and the sensitivity were taken into consideration; although the crater is overlapped, it can provide more information about which element is enriched in the defect zone. 2D and 3D maps of Al, Ca, Mg, Fe, Si and Ni are shown in Fig. 4 . From the 2D and 3D mapping, we can see that the chemical contents of Al, Ca, Mg and Si in the defect zone are much higher than in the normal zone, indicating enrichment of Al, Ca, Mg and Si in the defect zone. Considering the production process, the scanning results suggest that the defect is a large sized furnace slag, because the chemical composition of furnace slag mainly includes Al 2 O 3 , CaO, MgO and SiO 2 .
Defect scanning analysis using LIBS
Comparison of LIBS with SEM/EDS
Polished sample number D2 was also analyzed using SEM/EDS in scanning mode. The intensity distributions of Al, Ca, Mg, Fe, Si and Ni are shown in Fig. 5 . It can be seen that the chemical contents of Fe and Ni in the defect zone are lower than in the normal zone. However, the chemical contents of Al, Mg and Ca are higher in the defect zone compared to the normal zone. For Si, the chemical content difference between the defect zone and the normal zone is not significant.
The results obtained from LIBS and SEM/EDS show good agreement with each other. For LIBS, the color differences indicating differing elemental distributions are very obvious for Al, Ca, Mg, Fe, Si and Ni, meaning that this method can reveal the chemical content differences between the defect and the normal zones. However, for SEM/EDS, only when the chemical content difference is very significant can the difference between the two zones be clearly displayed, such as for the elements of Fe and Ni. When the chemical content difference is not significant, such as for Si, SEM/EDS cannot accurately display the difference between the defect and the normal zones. Thus the sensitivity of LIBS is higher than that of SEM/EDS. In addition, it is difficult for SEM/EDS to analyze light elements, such as C, B, P and S, while LIBS is sensitive enough to analyze the distribution of light elements. The disadvantage of LIBS is that its spatial resolution is lower than that of SEM/EDS.
Conclusion
The chemical contents of C, Si, Mn, P, and Cr obtained from LIBS agreed well with those determined using Spark-OES, although LIBS is slightly less precise than Spark-OES. The scanning analysis results of a marine steel defect agree well with each other for LIBS and SEM/EDS. Both LIBS and SEM/EDS recognized the enrichment of Al, Mg, Ca and Si at the defect position and the defect was a large sized furnace slag. Through result comparison, it can be seen that the sensitivity of LIBS is much higher than that of SEM/EDS. When the chemical content difference is not significant, LIBS can provide information about the difference, while SEM/EDS can provide information about the difference only when the chemical content difference is significant enough. The spatial resolution of LIBS is lower than that of SEM/EDS. The spatial resolution of LIBS can be altered to fit the analytical demand. When performing bulk analysis, the spatial resolution should be low; however, when performing microanalysis, the spatial resolution should be high. LIBS can not only provide elemental distribution results but also provide depth profile analysis [22, 23] . LIBS will be a powerful supplementary tool for traditional surface analyses.
